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I. INTRODUCTION 

The cosmological constant problem is a long standing 
problem in theoretical physics Although it first ap- 
peared in the context of general relativity, it is now clear 
that this problem is also deeply rooted in high energy 
physics. There exist several facts which explain this link. 
The first is the observation that the zero-point energy of 
quantum fields living in our universe effectively acts as 
a bare cosmological constant of the Einstein equations. 
The total contribution that we measure is therefore a 
combination of these two terms. Since a naive argument 
leads to a zero-point energy comparable to the Planck 
energy, and since astrophysical observations tell us that 
the contribution is of the order of the critical energy den- 
sity, an extraordinary cancellation is needed if one wishes 
to reconcile experiments with theories. A second fact be- 
came more evident after the advent of supersymmetry 
(SUSY) ||. Indeed, in global SUSY, the zero-point en- 
ergy is guaranteed to vanish This raises the hope 
of finding a mechanism where the cosmological constant 
would be exactly zero. However, this explanation fails 
because SUSY has to be broken in order to explain the 
heavy masses of the superpartners. This means that the 
cosmological constant has to be at least of the order of 
the SUSY breaking scale, i.e., at least of order 1 TeV, 
a value which still requires a very accurate fine-tuning. 
On the other hand, when gravity is taken into account, 
leading to supergravity (SUGRA), the fundamental state 
does not necessarily have a zero energy. In that case, 
when SUSY is broken, there is still the hope of finding a 



vanishing result. With the present state of the art, this 
requires again a fine-tuning, and cannot be derived from 
a fundamental principle. Therefore, the very small (van- 
ishing?) value of the cosmological constant remains a 
mystery. The previous considerations led mant people to 
believe that its value could be understood in the frame- 
work of the most promising theory of high energy that 
was nowadays at disposal: string theory y. It is widely 
believed that the only natural outcome of string theory 
is that it must be zero j5|. However, it is clear that we 
are far from being in a situation where this theoretical 
prejudice can be convincingly justified. 

An explanation for this puzzling question has recently 
become even more necessary, since a combination of as- 
trophysical observations, including, among others, mea- 
surements of the Hubble diagram with type la super- 
novae |6j, seem to indicate that a form of dark energy 
now dominates our universe; also see Refs. [0-0. This 
has led to the idea of quintessence. In this framework, the 
cosmological constant vanishes exactly due to an as yet 
unknown mechanism, and a scalar field is responsible for 
the acceleration of the expansion of the universe [p^ . 
In the same manner as for the vanishing cosmological 
constant, it seems likely that the physical nature of this 
field can be understood within the framework of string 
theory, or at least within the framework of theories de- 
scribing its low energy limit. In this paper, we will adopt 
this point of view. 

Let us now recall some of the main ingredients of an 
effective SUGRA description of string theory. The effec- 
tive action describes the low energy degrees of freedom 
which can be viewed as massless string excitations. By 
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computing string scattering amplitudes, one can build 
an order by order perturbative expansion in the massless 
fields. This perturbative expansion possesses two char- 
acteristic scales: the string scale ms, and the compactifi- 
cation radius Rc springing from the necessary compact- 
ification fr'om ten to four dimensions. These two scales 
can be combined to form the Planck scale mpi which nat- 
urally appears at string tree level and parametrizes the 
SUGRA expansion. The effective Lagrangian appears as 
a double series in the string scale and the Planck scale. 
In the context of heterotic theory, both these scales are 
large and almost coincide. In new scenarios involving 
type I strings and D branes there can be a decoupling 
regime ms <C mp\ We will show that, in this con- 
text, the SUGRA potential introduced in Rcfs. is 
a prediction of the theory (for another SUGRA model of 
quintessence, see Ref. [p2|). 

It is also of the utmost importance to understand which 
role SUSY breaking plays in the determination of the 
shape of the quintessence potential. As already men- 
tioned above, particle physics experiments require that 
SUSY must be broken at a scale at least of the order 
of 1 TeV. This is notoriously difficult to achieve in ex- 
plicit string models. Indeed, such a breaking must arise 
from nonperturbative effects which are often difficult to 
control. Despite the absence of convincing models of 
SUSY breaking, one can use a more phenomenological 
approach and parametrize the SUSY breaking sector by 
F terms responsible for the breaking |Q. This is the 
approach we will follow. In particular, one usually as- 
sumes that SUSY is broken by F terms of the dilaton 
S and the moduli fields measuring the compactifi- 
cation scales. In new type I models one can also con- 
sider the blowup modes associated with the fixed points 
of orbifolds |24|. This breaking is supposed to occur 
in a hidden sector only gravitationally coupled to the 
visible sector. At the SUGRA level one generally as- 
sumes that the cosmological constant vanishes, requiring 
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where 7713/2 is the gravitino mass. This relation is im- 
posed in order to cancel large contributions when the 
breaking scale is of order of the a few TeV, a mere 60 
orders of magnitude larger than the critical density of 
the universe. In the context of quintessence we will re- 
consider the previous relation and analyze contributions 
which lead to quintessential potentials. In particular, 
and in order to comply with the existence of an attractor 
for the quintessence field, we will have to consider that 
quintessence arises from a hidden sector. This guarantees 
that the very small mass of the quintessence field does 
not lead to the existence of a long-range fifth force [p5| . 
Moreover, we will see that quintessence can be most eas- 
ily achieved in a SUSY breaking sector. In order to guar- 
antee that the sparticle masses do not depend strongly 
on the quintessence field and therefore on the evolution 
of the universe, we find that that the hidden sectors re- 
sponsible for quintessence and the superpartner masses 



must differ. 

This paper is organized as follows. In Sec. ||, we 
quickly review how the effective SUGRA inspired from 
string theory can be used to calculate the shape of the 
quintessence potential. The details could have been 
dropped in a paper intended for high energy physicists, 
but we think that they are useful in order to render 
this paper self-consistent for a more general audience. 
In S ec. I nH we study the SUGRA model proposed in 
Ref. |2C| with ms ~ ttipi which leads to the so-called 
Ratra-Peebles potential of Eq. (|l|). In particular, we 
study the corrections to this model, and show that ob- 
servable quantities like the equation of state parameter 
and its derivative are sensitive to these corrections. In 
Sec. ^v\ , we study the generic shape of a potential arising 
from effective SUGRA where the assumption tos — mpi 
has been relaxed. We prove that, at small redshifts, a 
generic form of the potential is precisely the one found in 
Refs. po| , pT[| . In addition, it is also established that the 
corrections no longer modify the shape of the potential, 
which now really appears as a prediction and not as the 
result of a particular model. In Sec. we study how 
SUSY breaking by moduli fields can affect the form of 
the potential. Again, it is found that the generic predic- 
tion is not changed. Finally, since the SUGRA poten- 
tials generically possess a minimum, in Sec. VI we study 
the observational consequences of this fact. It is demon- 
strated that the quintessence field oscillates at the bot- 
tom of its potential, but, depending on the precise depth 
of this minimum, the field may or may not have begun its 
oscillations today. It is also shown that in this framework 
it is unlikely that the minimum of this potential can be 
put to zero. 



II. MODEL BUILDING AND EFFECTIVE 
SUPERGRAVITY 

One of the main advantages of the quintessence sce- 
nario is that the coincidence problem can be solved, i.e., 
it is not necessary to fine-tune the initial conditions at 
reheating in order to understand why the dark energy 
starts dominating the matter content of the Universe 
nowadays. This is due to the fact that for a potential 
with the shape 
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(typically), the Klein-Gordon equation possesses a (scal- 
ing) solution ||2^ which is an attractor, also referred as a 
"tracking solution" [0. This means that, whatever the 
initial conditions are, in an allowed range encompassing 
more than 100 orders of magnitude, a given solution of 
the Klein-Gordon equation will always tend toward the 
attractor before the present epoch. When the field is on 
tracks, it satisfies the equation 1 14 1^ 
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where H is the Hubble parameter, and is the equation 
of state parameter, i.e., the pressure to energy density 
ratio of the scalar field. This is an important equation, 
because it allows us to understand the diS'erent regimes 
undergone by the quintessence field during cosmic evo- 
lution. Therefore, it can be used as a hint to which 
kind of physics must be used in order to build a real- 
istic and successful model of quintessence. Equation (|^) 
has the following consequences. First, it implies that 
the mass of the quintessence field now is of the order of 
Ho ~ 10-^3 Qgv. Such a smaU mass entails that direct 
couplings between the quintessence field and standard 
model fields, have to be extremely suppressed. This sug- 
gests that the quintessence field belongs to a hidden sec- 
tor of the theory in order to avoid direct couplings with 
the standard model fields, which would result in the exis- 
tence of a non-observed long-range interaction. Second, 
since the second derivative of the potential is approxi- 
matively given by ~ Pq/Q^ and since, when the field is 
about to dominate, we also have ~ pQ/rup^, we de- 
duce that, at small redshift, Q ~ mpi. This means that 
supergravity effects will be important at small redshifts, 
for example for the calculation of the numerical value of 
the equation of state. In addition, we can also estimate 
the value of the scale M in the potential. One has 
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where pc is the critical energy density. Third, we know 
that, initially, the value of the energy density of the dark 
energy must be between the value of the background en- 
ergy density at reheating, i.e., preh — 10®^ GeV*, and the 
background energy density today, i.e. pc — 10^'*'' GeV''. 
Starting from this range guarantees that the field Q will 
join the attractor before now. This range for the ini- 
tial energy density of the dark energy corresponds to 
very small values of the field itself, Q <C mp\. More 
precisely, if the field starts at rest, we initially have 
10-i°^/"TOpi < Q < mpi. Unless the field starts with 
an energy density of same order as today's critical den- 
sity, this implies that supergravity effects are negligible 
at the beginning of the evolution, and that this epoch can 
be well described by means of a globally supersymmctric 
theory. 

Having identified the orders of magnitude of the value 
of the scalar field throughout the cosmic evolution, we 
can study the physics which is necessary to describe 
these different regimes. We are going to consider an ef- 
fective SUGRA theory and the constraints imposed by 
quintessence. In particular, as mentioned above, we as- 
sume explicitly that the quintessence field belongs to a 
hidden sector of the theory. We assume that the effective 
action is a double series expansion in the Planck mass and 
in the string scale. The Planck mass mpi and the string 
scale ms are a priori two independent scales. The only 



experimental constraint is that ms > 1 TeV in order not 
to be in conflict with the measurements performed by 
the accelerators. In heterotic string inspired models it 
was often assumed that ms — mpi, because of the con- 
straints on the perturbative unification scale. However, 
recently, models where the string scale is much lower than 
the Planck scale were proposed Generically, these 

two scales are linked by the equation 
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where Vg is the volume of the six compactified dimen- 
sions. The constraint that ms > 1 TeV translates into 
a constraint on the volume Vg < 10^"* GeV~^. As men- 
tioned above, it was recently shown that some of the 
compactified dimensions can be large (in comparison to 
the Planck length) resulting in a string scale much lower 
than the Planck scale. In this paper, for the moment, 
we leave mpi and ms free. We will discuss the different 
cases later on. 

Because of the large value Q ~ mpi of the quintessence 
field today, it appears that one would need a full under- 
standing of the complete SUGRA action, i.e., one would 
need to take into account all the Q/mpi and Q/mg terms 
in the Lagrangian. As a result, one would expect that an 
appropriate description of quintessence requires an un- 
derstanding of nonperturbative effects either at the field 
theoretical level or even at the string level. In the fol- 
lowing we shall use a more modest approach and remain 
within a perturbative setting where the Lagrangian is ex- 
panded in inverse mass powers. We will pay particular 
attention to the sensitivity of the physical observables to 
the degree of the truncated perturbative series. In par- 
ticular we will comment on the stability of the physical 
observables under a change of the truncation degree. The 
only nonperturbative inputs will be the SUSY breaking 
parameters. 

Let us first consider the early universe evolution of the 
quintessence field. Setting the initial conditions at re- 
heating, after inflation, implies that for most of the time 
the quintessence field takes values which are negligible 
with respect to the Planck mass. We assume that the 
expectation values of the other fields are also negligible 
in comparison with the Planck mass. This means that, 
in this context, the most general Lagrangian is given by 
the N ^ 1 (global) SUSY Lagrangian [i.e., the TV = 1 
SUGRA Lagrangian where terms of order 0{mp^) are 
neglected] 



d^6'[iy($'*) + h 



+ J2 J d'^^/ah(*^')[W^fea"M^fe;,a+h.c.] 

k ab 

feeu(i) 

Because of the possible large hierarchy between the string 
scale and the Planck scale, the Kahler potential K and 
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the superpotential W are now series in the inverse string 
scale. Let us now focus on the hidden sector contain- 
ing the quintessence field. For simplicity, and since 
it does not change our general argument, we will take 
fab{^^^) = Sab- Let us dcscribc this Lagrangian in more 
detail. In the previous expression, (x", 6*, ^) is a chi- 
ral superfield and Vk{x'^, 9, 9) is a vector superficld which 
can be written in terms of components as 

$*'=(x'*,6',^) = (p'''{x'') + V29'ilj'''{x'')+9'^F'''{x''), (6) 

Vk{x-,9,9)^y] -9a^9Vka^ix^) 



+i9e9\ka{x^) - i999\ka{x'' 



--9999Dka{x'') 



Tak — ^ VkaTak, (7) 



where the vector superfield has been written in the Wess- 
Zumino gauge. We assume that the above Lagrangian is 
invariant under the gauge group G acting on the k indices 
of the chiral superfields: 



G = Y[Gk X u(i; 



X' 



(8) 



This gauge group might become strongly coupled and 
lead to SUSY breaking via gaugino condensation. In 
the previous expressions, fc is a group index, i.e., Vk 
is the superfield charged under the group Gk- Under 
this group Gk, many chiral superfields can be charged. 
The index i in ^^'^ labels the different superfields that 
are charged under the group labeled by the index k. 
The matrices Tak are the generator of the gauge group 
Gk and the index a runs from 1 to dim(G'fe). In the 
third term of the above Lagrangian, Wkaa is given by 
Wkaa = -{l/'i)DDe-'^'"^Dae^'"-, where D is the super- 
symmetric derivative. The extra \J{1)-^ is an anomalous 
Abelian factor associated with a Fayet-Iliopoulos term in 
the Lagrangian in order to cancel the anomaly by the 
Green-Schwarz mechanism p7| . In heterotic string the- 
ory there is a single anomalous U(l)^ In type I 
string theories there may be several anomalous U(l)'s 
depending on the geometry of the compactifying mani- 
fold ||24]. The last term in the Lagrangian represents the 
Fayet-Iliopoulos term where ^k is a constant different for 
each group, provided that this group is U(l). A priori, 
the scale given by the Fayet-Iliopoulos term is expected 
to be of the order of the string scale. This is the case in 
the heterotic string theory for the unique Fayet-Iliopoulos 
term for the anomalous U(l)^. In type I string theories 
the Fayet-Iliopoulos terms are associated with the blow- 
ing up moduli of orbifold singularities in the compacti- 
fication space. Their values parametrize a fiat direction 
with no potential, and are therefore left unfixed at the 
perturbative level of string theory. 

Once the Kahler function K and the superpotential W 
of the hidden sector are given, the Lagrangian [Eq. (||)] is 
completely fixed. In particular, the scalar potential can 



be calculated. It contains two contributions: one comes 
from the F terms and the other comes from the D terms. 
Explicitly, the potential is given by 

V^Vf+Vb^ KabF^^F'' + \Y. DkaDka (9) 



in the low energy limit. In the previous expression, we 
introduced a collective index A = (ik). The metric K^g 
and the field Fa can be expressed as 



K- 



dW'< 
9^' 



respectively, and the D term is given by 
ik ^ dK 



Dkn 



2^9kg-^TkaV' 



tfet 



(10) 



(11) 



In the last equation, we have assumed that the gauge 
group considered is U(l) otherwise the expression would 
be the same except that the Fayet-Iliopoulos term would 
not be present. 

We now assume that SUSY is not broken by the D 
terms. This implies that (Dka) — 0- If A: corresponds to a 
group which is U(l), this means that one (or many) of the 
scalar fields acquire a nonvanishing vacuum expectation 
value, according to 



dK 



dip' 



;fct 



Tka^P' 



ikf 



fceU(l). (12) 



The generators Tka give the charges of the fields under 
the considered U(l). Typically, one expects (f^'^) — V^- 
This means that the U(l) gauge symmetries are broken 
at that scale. In the heterotic case this fixes the breaking 
at the GUT scale while in the type I models the breaking 
scale is not specified as it is a modulus. We conclude that 
the D part of the scalar potential vanishes, i.e.. 



Vu^O- 



(13) 



The nonzero contributions to the potential come from 
the F terms. 

The previous considerations are valid at very high red- 
shift. However, at small redshift, one needs to take 
into account the effects of SUGRA, since the values of 
the quintessence field are not negligible compared to the 
Planck mass. In SUGRA, the form of the scalar potential 
is modified, and reads 
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e''iG^GA'^) + Vu, 



(14) 



where k — STr/rripj and G = nK + ln[K'^\W\^). In the 
previous expression, Ga is defined by 



Ga 



G, 



dG 
dG 



dK 1 dW 



dif"^ Wdip^' 
_ dK 1 dW'f 
d^ ~ '^d^ ^ W^d^' 



(15) 
(16) 



4 



and the indices are raised and lowered with the help of 
the following metric: 



G 



d^G 



AB 



kK 



AB- 



(17) 



The other terms in G cancel out because the superpoten- 
tial is a holomorphic function. A priori, this potential is 
no longer positive definite. In particular, there is a neg- 
ative contribution coming from the superpotential. 

Let us come to grips with the quintessence potential 
more precisely. According to the previous discussion, we 
only focus our attention to the F part of the scalar poten- 
tial. A first attempt to derive the Ratra-Peebles potential 
[Eq. (|l|)] from first principles was made in Ref. and 
then in Rcfs. |^,^. In order to see clearly the differ- 
ence between this approach and the approach advocated 
in the present paper, we first quickly review the results 
obtained in Refs. [^|l]. Then we will study in detail 
new properties of the model presented in Ref. . We 
will argue that these new properties are in fact a prob- 
lem, and we will see how, generically, they can be avoided 
in the context of theories with two different scales. 



A SUGRA MODEL LEADING TO THE 
RATRA-PEEBLES POTENTIAL 



III. 



In the model presented in Refs. [ poy21[| , it is assumed 
that ms mpi. Contrary to the strategy used in 



the Sec. IV, which is to see which kind of potential 
is obtained from a generic theory, the idea utilized in 
Refs. 1^,^ was to study the required properties of 
the theory such that the desired potential (typically the 
Ratra-Peebles potential) is the result of the calculations 
described above. Below, we improve the presentation of 
the model of Refs. pO| , pT[ |, in particular we describe it 
in a language closer to high energy physics than the one 
used in Refs. @,|l|- 

We assume that there are three sectors in the the- 
ory. One of them is the observable sector where all the 
known particles and their superpartners live and the two 
other sectors are hidden. The first hidden sector is the 
"quintessence sector" already mentioned above, where 
the quintessence field lives. The second one is the "bro- 
ken sector" , introduced such that SUSY should be broken 
in a satisfactory manner. We have seen previously that, 
generically, due to the presence of a Fayet-Iliopoulos term 
and to the vanishing of the potential coming form the D 
terms, at least one scalar field acquires a nonvanishing 
vacuum expectation value. Let us call this field Z . Thus 
we have {Z) ^ 0. This field belongs to the quintessence 
sector. In addition, this sector is required to contain a 
field Y such that {dyW) ^ 0. This field is similar to a 
Polonyi field although we do not assume that the 
superpotential is linear in this field. We also assume 
that dyW, i.e., Fy in global SUSY, does not depend 



on Q. The Kahler potential and the superpotential of 
Rcfs. ^0 21 1 have the forms 
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Y\'iQQr + K{\Y\ 



,*Q,*bro,*obs), (18) 



W = YZ'+ I^q($q) + VKbro($bro) + Vl^ob.(*obs), (19) 

where $q, $bio, and $obs denote superfields in the 
quintessence, broken and observable sectors respectively. 
Wbro and Wobs are the superpotentials in the broken and 
observables sectors. Wq = YZ^ + W{^q) is the super- 
potential in the quintessence sector. We have {Wq) = 
{Wohs) = but (Wbro) ^ 0. The condition {Wq) = 
guarantees that the SUGRA quintessence potential is 
positive definite. Then, in the context of global SUSY, 
the scalar potential is V{Q) = m^^\Fy\'^ /Q'^p, i.e., the 
Ratra-Peebles potential . We see that a crucial point in 
the argument is the vanishing of the term \Y\'^ in the 
series defining the Kahler potential. Although this con- 
cerns only one term in the complete series, this should 
probably be considered as an unwanted fine-tuning, since 
there is no fundamental reason to expect that this term 
must be absent in a generic theory. In addition, since 
]\/[i+a ^ p^rrip^, one has 



\Fy\' = 



72\2 



Pc 



(20) 



which fixes the scale at which SUSY is broken in the 
quintessence sector. We see that this scale is very small 
in comparison with the "natural scale" of SUSY breaking, 
i.e., ~ 1 TeV. 

Actually, this is the main motivation for introducing 
two hidden sectors. It is convenient to break SUSY in 
a hidden sector since, from a phenomenological point 
of view, it seems difficult to break SUSY in the ob- 
servable sector. Indeed, for example, a spontaneous 
breaking mechanism in the observable sector like the 
O'Raifcartaigh mechanism would not lead to a spec- 
trum in accordance with the constraints on the masses 
of the superpartners. Conversely, if the hidden sector 
contains a Polonyi field P (not the same as the one con- 
tained in the quintessence sector, see above) such that 
{Fp) = TOgB and if the cosmological constant problem 
is assumed to be solved (as it is always the case when 
one discusses quintessence, see the introduction) then 
TOgg ~ ?7^3/2"^pi, where TO3/2 is the gravitino mass. This 
will give a mass of order TO3/2 to the superpartners. Since 
we expect m3/2 — 1 TeV, this implies mge — 10"'^° GeV 
and (Fp) ~ 10^° GeV^ a value far from Fy. Therefore, 
it is necessary that the observable sector should be dif- 
ferent from the broken sector in order to have a correct 
spectrum, and it is also necessary that the quintessence 
sector should be different from the broken sector in order 
to have a value for tosb of the correct order of magnitude. 
In addition, the quintessence sector cannot be the observ- 
able sector, since this would imply the presence of a long 
range fifth force not seen in the data. In order to obtain 
the potential which is valid not only at the beginning 
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of the evolution but everywhere, we need to insert the 
Kahler potential and superpotential given in Eqs. 
and ( [l9| ) in the equation giving the scalar potential in 
SUGRA [Eq. (|l|)] . We find that the only contributions 
which lead to nonvanishing terms in the scalar potential 
are 



Fy 



dW 

' dY 



kWKy ^ 0, (21) 



where W stands for the total superpotentia]|^. The vac- 
uum expectation value of the last term is in fact just 
Fy = —dW/dY. This is due to the vanishing of the 
Polonyi-like field (Y) = and the quadratic dependence 
of the Kahler potential on Y . Finally, we arrive at a 
positive definite expression 



V 



(22) 



where we have used the fact that the D terms are not 
modified in SUGRA and that, as a consequence, (Vd) = 

0. The main difference comes from the exponential factor 
which represents the SUGRA corrections. However, we 
do not have yet reached our main goal because the kinetic 
term of Q is still nonstandard. Indeed, since we are now 
in a regime where Q ~ mpi, we can no longer neglect the 
higher order terms in Eqs. ( p^ ) and ( p^ and thus Kqq ^ 

1. The Kahler potential evaluated at the minimum of the 
potential for the matter fields reads 



K{Q,{Y) ,{Z) ,{^^^)) ^ K{Q,{Z) ,{^^^)) 



E 



C2n 



2(n-l) 



(23) 



n=l '"•pi 



where we have fixed the other hidden sector fields to their 
vev. This means that the coefficients C2n are functions 
of {Z). In a regime where Q <ti mpi, only the first term 
will be important, and leads to a canonical kinetic term 
for quintessence (with C2 = 1). Therefore, the poten- 
tial obtained in the context of global SUSY is not mod- 
ified by a redefinition of the field. Closer to the Planck 
scale the contributions from the other terms become non- 
negligible. To deal with this problem, we define a new 
scalar field Q such that 



dQ 



2KQQdQ Q 



AQ^2K~=f{Q), (24) 



where the function f{Q) has been obtained by quadra- 
ture. The field Q has a standard kinetic term. Expressing 
Q = f'^{Q), we obtain the SUGRA potential 



V{Q) 



_ „i^K[f-\Q)]_ 



(25) 



*Tlirougliout the paper the auxiliary F fields are given by 
T = e"^'^^_F, where F is defined by the second equation of 
Eqs. (H). 



A priori, any function f{Q) is allowed. When Q <C mpi, 
the form of the function / is irrelevant, since we know 
from the previous SUSY considerations that the poten- 
tial will be of the form V{Q) oc Q'^p. If the Kahler 
function is just given by K — QQ, then the kinetic terms 
are standard, and we recover the SUGRA quintessence 
potential already studied in Ref. pG] 



V{Q) 



(26) 



The physical consequences of the SUGRA corrections are 
numerous, and the potential given by Eq. ( p6| ) was stud- 
ied in detail in Refs. j2^j2l|,^. There, it was shown that 
these corrections lead to a better agreement with the cur- 
rently available data. In particular, the equation of state 
parameter is now given by ivq ~ —0.82, a value closest 
to —1 than in the usual quintessence models. The cal- 
culation of the CMB multipoles in presence of SUGRA 
quintessence also show that the theoretical predictions 
are consistent with the most recent data, in particular 
the MAXIMA-1 data On the other hand, it is 

clear that we have assumed that the Q kinetic terms are 
canonical. If this hypothesis is not fulfilled, potential ( |2^ ) 
is modified and we see that the form of the potential 
above strongly depends on the Kahler potential. 

Let us study how the scalar potential is modified when 
more terms in the Kahler potential are taken into ac- 
count. In particular, one would like to know whether 
the observables (for example, the equation of state pa- 
rameter) are strongly dependent on the higher terms in 
series (p3[). Therefore, in order to have a more accurate 
description of the true Kahler potential, it is interesting 
to take into account one more term, and to choose 



K=\Q\' 



m 



(27) 



PI 



where a is a new free parameter, leading to the following 
exact function f{Q) 




2^^ 



mpi 




(28) 



Unfortunately, this function cannot be inverted exactly. 
However for our purpose, it is sufficient to find the cor- 
rected potential at leading order in the expansion in 
Q/mpi. One finds 



ViQ) 



3mi 



2p 



exp 



6m|j 



(29) 



Some examples of this potential are plotted in Fig. |^. 

Let us now study how the corrections described above 
can affect the global evolution. In particular, as men- 
tioned above, one would like to know whether observable 
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quantities are significally modified by the new terms that 
we have considered in the series defining the Kahler po- 
tential. An interesting way to distinguish between these 
various models observationally is to look at the behav- 
ior of the quintessence field equation of state. It can be 
shown jsi) that, provided one knows both the matter 
density of the Universe as well as its curvature, one can 
both recover the quintessence equation of state param- 
eter LjQ, as well as its derivative today by studying the 
luminosity distance vs redshift relation, for example with 
supcrnovac type la. The parameter loq can be approxi- 
mated at low redshift by 



(30) 



and both loq and ui can be recovered, at least in princi- 
ple, with good data. In the case described by Eq. (29), 
for positive values of a, the potential has a steeper part 
around Q — -^/S/ampi because it diverges. Therefore the 
potential possesses a minimum before Q = -y/S/ampi. As 
already stated, the field has reached the usual tracking 
regime at earlier time (which corresponds to small values 
of Q); therefore, it reaches its minimum sooner in the case 
of large a. As a consequence, the quintessence field be- 
haves more rapidly as a cosmological constant than in the 
standard SUGRA case, and of course than in the Ratra- 
Peebles case. This can be seen explicitly by looking at 
the position of the quintessence field on its potential (see 
Fig. |l|) or by plotting wq and its derivative today as a 
function of a (see Fig. ^). Note, however, that, strictly 
speaking, at the end of the evolution, all the terms in the 
expansion of f~^{Q) should be taken into account since 
Q/m^x ~ 1. Therefore, the present calculation can only 
give a hint of what happens when the corrections in the 
Kahler potential are fully considered. For negative val- 
ues of a, the potential does not diverge but grow faster 
because of the higher argument of the exponential part. 
Therefore, as for the a > case, the minimum of the po- 
tential occurs at lower values of Q, and the field behaves 
more rapidly like a cosmological constant. 

The main conclusions that we can draw from the pre- 
vious analysis are the following. In the context of effec- 
tive SUGRA, there exists a Kahler function and a su- 
perpotential which lead to a class of model described by 
Eq. (25). However, these models depend on specific as- 
sumptions for the superpotential and Kahler functions. 
If more generic terms are considered in the series defining 
the Kahler potential, then some sensitivity of the observ- 
ables to the form of the Kahler potential within this class 
of models is found, but as long as the potential possesses 
a minimum around Q ~ mpi, the main features of the 
SUGRA potential of Refs. [§^|T] are preserved. Hav- 
ing identified the main advantages and drawbacks of the 
approach followed in Refs. we now turn to a dif- 

ferent method where some of the previous shortcomings 
can be avoided. 
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FIG. 1. Comparison between Ratra-Peebles and SUGRA 
potentials. The Ratra-Peebles potential [Eq. (^, solid line] 
is simply an inverse power law and always decreases. The 
standard SUGRA potential [Eq. (^), long-dashed line] pos- 
sesses an exponential correction which dominates when the 
field takes values close to the Planck mass. The other 
SUGRA potential we have considered in Eq. (^^ is plot- 
ted for a — 100 (short-dashed line), a = 10 (dotted fine), 
and a = — 1 (dot-dashed fine). All the curves were plotted 
with a = 2p — 6 and normalized so that the quintessence 
field has a density parameter fiq = 0.7 today, which roughly 
corresponds to put the minimum of the potential at pc- In 
addition, with crosses we have indicated the position of the 
quintessence field today. It is clear that the field has almost 
reached the minimum of its potential in all (SUGRA) cases. 
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IV. A GENERIC APPROACH TO 
QUINTESSENCE WITH TWO SCALES 
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FIG. 2. Effect of a modification to the quintessence poten- 
tial [Eq. (^^] on today's evolution of the quintessence equa- 
tion of state (solid line) . The three values of a plotted in Fig. |l| 
are represented with crosses (the case a = — 1 is near the in- 
tersection with the short-dashed line and the two others are 
near o^o ^ — 1, t^^i ^ 0). As explained in the text, almost any 
value of a helps the quintessence field to mimic a cosmological 
constant {ujo ^ — 1, oji ^ 0). In addition, we have plotted the 
dependence on a of the Ratra-Peebles (long-dashed line) and 
SUGRA (short-dashed line) potentials. For the two curves, a 
varies from <C 1 (left) to 2> 1 (right). The fact that the field 
roughly behaves as a cosmological constant for low values of a 
comes from the fact that the potential is flatter and, therefore 
the field stops more rapidly when it begins to dominate (even 
in the tracking regime, H-ojq cc a, see Ref. [Q). Conversely, 
for high values of a, the field tends to mimic the behavior of 
the background fluids. On these two curves, values of a = 2, 
4, 8, and 16 are represented with crosses. The dependence on 
a of the SUGRA potential is much less important than in the 
Ratra-Peebles case. 



In this section, which constitutes the core of this pa- 
per, we adopt a different approach compared to that of 
Sec. [II. Since a priori there is no reason to consider 



that ms and mpi are of the same order of magnitude, 
we do not make this artificial assumption. As a con- 
sequence, we consider that mg can have any value pro- 
vided, of course, that it is smaller than the Planck mass, 
TOs ^ TOpi- Then, the strategy is as follows: instead 
of trying to find the Kahler potential and the superpo- 
tential which leads to the Ratra-Peebles potential as in 
Refs. we will try to see which kind of potential 

arises from a generic Kahler potential and superpoten- 
tial, i.e., without any fine-tuning of their shape. We still 
assume that there are three sectors in the theory, two of 
them being hidden. We first investigate this question in 
the context of global SUSY, i.e., when the value of the 
quintessence field is small in comparison to the Planck 
mass, which is the case just after reheating where the 
initial conditions are set. We assume that the Kahler 
potential is a nonsingular series as Q goes to zero. Let 
us expand the Kahler potential focusing on the coupling 
between the quintessence field Q and Y, the Polonyi field 
in the quintessence sector. One has 



K{Y, Q, . . .) = |y p + |rp -^(QQr + • 

(31) 



1 "nia 

p—1 o 



where K parametrizes the rest of the expansion (but 
of course needs not to be equal to the one introduced 
previously). This expression should be compared with 
Eqs. ( |l8|) and (19). This time the term |Fp is present 
since we have not assumed anything about the series 
defining the Kahler potential. The key point is that we 
have only included terms sensitive to the string scale and 
not the Planck scale because, in the limit of global SUSY, 
this one is sent to infinity and therefore the correspond- 
ing terms vanish. We have only assumed that the series 
can be expressed as a polynomial. If this is not the case 
then a whole knowledge of nonperturbative string theory 
is required. However, truncating the whole series at the 
order Pmax would require a dynamical explanation which 
cannot be provided unless in a particular model. For 
this reason we will study the dependence of the physical 
observables on the degree of the polynomial. 

Let us calculate the corresponding scalar potential (as- 
suming that the quintessence field is real). The only term 
coming from the Kahler function which gives a contribu- 
tion to the potential is given by 



K 



YY 



1 + £ Q^P/m, 



(32) 
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and pmin = 2 (long-dashed line) , 
and Pmin = 10 (dotted line). 



= 6 (short-dashed line) 



from which we deduce that 



ViQ) 



\Fy\' 



(33) 



p=i 



,2P 



Let us study this class of potentials in more detail. Typ- 
ically, they have the shape represented in Fig. ^ What- 
ever the precise form of the series, for values of the field 
such that Q ^ ms the potential is almost flat since the 
constant term 1 dominates in Eq. (^3|). This means that 
we no longer have a divergence of the potential at small 
Q. When the field becomes of the order of the string 
scale, Q ~ ms, the precise form of the series matters. But 
this is true only in a limited region, and one expects that 
this will not affect the global behavior of quintessence. In 
the region where Q ^ mg, only the term (Q/ms)^''"'"^ is 
important, and the potential reduces to 



V{Q) 



2p„ 



(34) 



i.e., we recover a Ratra-Peebles potential, and again the 
detailed form of the series does not matter. This region 
corresponds to the straight line in Fig. || (the slope of 
which is —12 since Pmax = 6 was chosen for this plot). 
Since the tracking behavior essentially depends on the 
behavior of the field at late times, i.e., before it reaches 
the Planck mass, the attractor properties of the stan- 
dard Ratra-Peebles potential still hold in this case, as 
we have checked numerically. Therefore, the modifica- 
tions in the potential at low Q do not matter as long as 
ms is not too large (typically, ms must be ^ 2 orders 
of magnitude smaller than the Planck mass; this bound 
is even relaxed for high values of a). Such a behavior 



was already remarked upon in another context when we 
considered the quantum corrections to the Ratra-Peebles 
potential ^l|. Note, however, the explicit dependence 
on the degree Pmax- This has important observable con- 
sequences. Indeed, it appears that potential (34) leads 
to an equation of state luq which exhibits a strong de- 
pendence on Pmax- This is less true for the derivative 
of the equation of state wi, as can be seen from Fig. ^ 
(dashed line). However we shall see that this problem is 
far less serious when SUGRA corrections are included, 
in which case the values of (u;o,wi) accumulate numeri- 
cally around (—0.8, 0.45) in the large Pmax regime (Fig. ||, 
dotted line). This is an interesting indication that the 
physical observables are stable with respect to variations 
of the truncation degree. 

Another important consequence is that the SUSY 
breaking scale is now given by 



\Fv\^ 



(35) 



where a = 2pmax- For mpi — ma, one recovers the usual 
result given in Eq. (pO|). However, the important point is 
that in the present framework, mpj and mg do not need to 
be the same, which has the important consequence that 
now the SUSY breaking scale in the quintessence sector 
decouples from the critical energy density. Let us show a 
few orders of magnitude. In particular, one would like to 
fix the SUSY breaking scale in the quintessence sector to 
the same value as the SUSY breaking scale in the broken 
sector, i.e., {Fp) ~ 10^" GeV. This would be one step 
toward an identification between the quintessence sector 
and the broken sector, thus leaving only one hidden sec- 
tor. This strategy will be pursued in Sec. ^ Fixing 
\Fy\ — 10^" GeV^ and writing rng = 10~^rnpi, we find 
that X ~ &J /a. We see that the string scale varies be- 
tween the TeV scale and the Planck mass for a > 3. It 
is auspicuous that to maintain a low value of the SUSY 
breaking scale in the quintessence sector in the large a 
limit, we need to take values of ms which are closer and 
closer to the Planck scale. As already stated, as long as 
ms is a few order of magnitude smaller than the Planck 
mass, this has no significant influence of the evolution 
of the quintessence field today. The previous results fol- 
low from the direct coupling between one field Q and the 
SUSY breaking field Y , and does not require any fine- 
tuning. In particular, the presence of an inverse power 
law only requires that one can trust the perturbative ex- 
pansion of the Lagrangian, i.e., one does not need to know 
the whole power series. 

We now need to take into account the SUGRA correc- 



tions. As in Sec. Ill, the form of the potential is given by 
the positive definite expression V = e'^^ {dyW)^ , 
where again we have used the fact that the D terms are 
not modified in SUGRA. The Kahler potential evaluated 
at the minimum of the potential for the matter fields is 
a series in 1 / ms , and reads 
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"•max 

E 

n=l 



C2n 



TO, 



-(00)", 



(36) 



where we have fixed the other hidden sector fields to their 
vacuum expectation values. This equation is similar to 
Eq. (p3|). Note, however, that we have only kept the dom- 
inant 1/tos terms. If tos — topi we only need to substi- 
tute TOpi for ms in the expansion. The kinetic term of Q 
is not normalized. To deal with this problem, as previ- 
ously, we define a new scalar field according to Eq. ( |2^ ) 
(of course, now, the function / needs not to be the same). 
This leads to the potential 



{dyWf 



(37) 



2p 



The previous equation gives the generic prediction for 
any theory which can be effectively described by SUGRA 
with two scales. Note that taking mpi oo, this re- 
duces to the globally supersymmetric result, as expected. 
Now we can deduce the form of the potential in the 
three different regimes, and study how it is affected by 
the particular form of the theory. First, we note that 
it does not depend on the superpotential: it is suffi- 
cient to have (dyW) ^ 0, i.e., a Polonyi field in the 
quintessence sector. When Q <C tos then Q = \/2Q 
and V(ff) ~ The potential no longer blows 

up. In this regime, it does not depend on the details of 
series ( ^ or (p6[). For Q ~ tos all the terms in the 
expansion play a role, and the precise shape of the po- 
tential cannot be determined unless a specific model is 
given. But again we expect that we will not affect the 
cosmological observables since they are determined in a 
regime where Q — TOpi S> tos. For large Q the high- 
est power is only required. As we are interested in the 
Q ~ TOpi regime we conclude that 



2(n„„x-l) 



= 



"max »X„ax-l ' 
TOg 



leading to 



V{Q) = Ae' 



Q2p„,ax/«„ 



(38) 
(39) 

(40) 



where A = (■y/2c„,^^^TOs)^"""'' . Note that the coef- 
ficients arrange themselves such that kQ"^ /2 appears in 
the potential without any additional multiplicative fac- 
tor in the argument of the exponential. We can identify 
a = 2p,„ax/"-max- Therefore, in this regime, we recover 
the SUGRA quintessence potential, which now appears 
as a generic property of any effective SUGRA theory with 
two scales. Now the degrees of the truncated series n^ax 



and Pmax play competing roles. In particular, three nat- 
ural behaviors can occur. In the first one a goes to zero. 
This is physically disfavored, as this would require that 
{dyW)"^ converge to the critical energy density pc- Sim- 
ilarly a can go to infinity, with the need for tos to be 
closer and closer to the Planck scale. Finally, a can re- 
main finite. In this case we do not need to fine-tune the 
SUSY breaking scale. The point is that the observables 
do not depend very much on a = 2pi„ax/'TTnax- Indeed, 
a large range of values of a lead to the same CMB spec- 
trum and the same dependence of the equation of state 
at small redshifts (see Fig. ||, dotted hue and Ref. p2t). 
It is remarkable that from an a priori very complicated 
theory, we end up with the conclusion that observables 
like (woi'^i) are uniquely determined by potential (|4^). 
Since typically, we expect that the coefhcient c„^^^ is of 
order 1, we deduce that the SUSY breaking scale is again 
given by relation (^Sf). In order to justify that the previ- 
ous considerations really lead to a successful and realistic 
model for quintessence, we need to study the process of 
SUSY breaking in more detail. 



V. SUPERSYMMETRY BREAKING 

In the previous sections we have seen that it is neces- 
sary to assume three different sectors, two of them being 
hidden. In this section, we thoroughly analyze the conse- 
quences of SUSY breaking, both from cosmological and 
particle physics points of view. 



A. Spontaneous vs explicit supersymmetry breaking 

A first study of SUSY breaking in the context of 
quintessence was made in an interesting paper by Kolda 
and Lyth [ p5[ . There, the authors pinpointed a possible 
incompatibility between quintessence and SUSY. Indeed 
the expansion of Eq. (^ comprises the two terms 



Kyy\F 



Y\2 



WyF^ 



WvF' 



(41) 



Assuming that SUSY is broken explicitly by Fy leads 
to a polynomial expansion of the scalar potential in Q 
when using the general Taylor expansion of Kyy- For- 
tunately, in SUGRA one must consider SUSY as a local 
gauge theory wich cannot be broken explicitly, as the 
electroweak symmetry which is not broken by putting 
an explicit gauge symmetry breaking mass in the La- 
grangian. SUSY is broken spontaneously by the nonvan- 
ishing vcv of F terms obtained by solving the equations 
of motion. This leads to a super-Higgs mechanism, where 
the would-be massless Goldstone fermion is eaten by the 
gravitino which becomes massive As the F terms 

are auxiliary field terms with no kinetic terms, one can 
solve Eq. (B^) algebraically to give 



(42) 
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leading to the potential investigated in the previous sec- 
tions. It is apt that an intrinsic feature of SUGRA pre- 
vents this type of quintessential difficulty. 



B. Moduli supersymmetry breaking 

We have seen that a quintessence potential can be ob- 
tained in a hidden (quintessence) sector. On the other 
hand, we have assumed that SUSY was broken in an- 
other hidden sector. Therefore, one may wonder whether 
it would not be possible to consider only one hidden sec- 
tor where SUSY is broken and, at the same time, to 
which the quintessence field belongs. In this section, we 
will include the effects due to other F terms, and study 
the modifications that they impose on the potential. In 
particular we suppose that these are the single Kahler 
moduli T and the dilaton field S where the superfields 
T and S belongs to the unique (postulated) "broken- 
quintessence" hidden sector. Because of SUSY breaking 
the potential will have the form 



Kro(Q) = V{Q) + e'^^ [k'^'^\Ft\^ + kS^\Fs\' 



(43) 



where the potential V{Q) is the quintessence potential 
obtained previously. The D terms are independent of 
Q, as this is a neutral field. The gravitino mass 7713/2 is 
nonzero due to the breaking of SUSY. The last term T4dd 
springs from the visible sector and gives large contribu- 
tions to the cosmological constant. This is the cosmolog- 
ical constant problem: VhmiQ) contains huge constant 
terms which, a priori, dominate all the other contribu- 
tions. The ^5 and Ft auxiliary fields are given by 



Fs,T = —ds,TW — K{ds,TK) W, 



(44) 



and depend on the nonperturbative corrections to the 
superpotential which are responsible for the breaking of 
SUSY. There is a strong dependence of Ft and Fs on 
the Kahler potential. To go further we need to return 
to Eq. ( ^ and to be more specific about the forms of 
the function K. We take a generic form of the Kahler 
function as 



k=-\-3 ln(r + T) - ln(S' + S)] 



pqk 



(45) 



where we assume that this is a polynomial in QQ (the co- 
efficients dpqk are just the coefficients of the polynomial). 
Only inverse powers of mg were taken into account, as 
order by order in Q the inverse powers of ttipi are sup- 
pressed. Computing the derivative with respect to S and 
T leads to a polynomial dependence on Q of Fs and Ft- 



This implies that the SUSY breaking scale varies during 
the evolution of the universe, and therefore the sparti- 
cle masses become strongly time dependent. Indeed, the 
mass matrix of the scalars depends explicitly on the F 
terms, 



^AB = e "- \ -KabKcd - Rabcd ]F'^F^, (46) 

where the second term involves the Riemann tensor de- 
duced from the Kahler potential. It is easy to see that 
a polynomial dependence on Q for Fs and Ft leads 
to a polynomial dependence on Q of the masses from 



and 




K^^FsFg. At large Q this behaves 
where /cmax is the dominant term in 



To avoid this we must conclude that the quintessence 
field decouples from the SUSY breaking sector 



^pqk 



= 0, k^O. 



(47) 



On the whole we find that the SUSY breaking sector and 
the quintessence sector must be separate. 

Coming back to Eq. (43), there is a negative contribu- 
tion from the gravitino mass: 



(48) 



Combining with the Fs and Ft terms, this leads to the 
following term in the potential Vbio: 



^^1 K^T\Ft\^ 



K'^'lFsl' 



■ 3K{wy 



(49) 



In the early universe this is a cosmological constant as the 
term in brackets is a constant. As Q increases the expo- 
nential corrections become relevant. So this term acts 
as a slowly varying cosmological constant. Moreover, we 
can expect a large contribution yadd — fn'w from the vis- 
ible sector. Both contributions should be large compared 
to the critical density of the universe. Nevertheless, there 
is a strong constraint springing from the existence of an 
attractor. The attractor condition [Eq. (||)] should be 
compatible with the requirement that the total potential 
reproduces Oa/Oc- It can easily be seen that, if the slowly 
varying and constant contributions are much larger than 
the critical density, then the attractor disappears. Con- 
sequently we shall assume that the extra constant and 
slowly varying pieces in the potential vanish altogether. 
This is another manifestation of the fact that it is neces- 
sary to assume that the cosmological constant problem 
is solved before considering the quintessence hypothesis. 
In the context of quintessence, the relevant question is 
whether the dynamical part of the potential after SUSY 
breaking is modified. In particular, this leads to the re- 
quirement that the contributions from the visible sector 
and the broken sector must vanish independently, i.e., 

14dd = 0, K^^\Ft\^ + K^^\Fs\^ = 3K{Wf. (50) 
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The second of these constraints is the usual fine-tuning 
of the SUSY breaking sector. 

Let us now consider the contribution to the scalar 
masses due to the Polony i field Y, 



Ik,, 



(51) 



which is negligible now due to the smallness of V{Q). 
The scalars receive a mass from the Fs and Ft terms, 
which reads l37|,|3ll 



'AS 



^3/2^ AB 



ABSS 



S f^S 



F^F 



R 



ABTT 



F'F'). (52) 



Note that the sparticle masses will have a universal 
redshift dependence coming from exponential factor in 
Eq. (^). This dependence is only relevant in the recent 
past. It would be interesting to study the associated phe- 
nomenology. There is a final constraint springing from 
the gauginos masses [ p7| , ^ 



(53) 



where ga is the gauge coupling of the ath gauge group. 
To leading order one can expand 



(54) 



where we have included a dependence on Y . This is what 
happens in type I models if the Polonyi field can be iden- 
tified with the blowing up moduli. Nevertheless the pres- 
ence of K^^ implies that the Fy contribution is negligi- 
ble. So we find that that the masses of sparticles do not 
depend on Fy- This allows for independent supersym- 
metry mechanisms in the "broken" and "quintessence" 
sectors. In particular the mechanism of Sec. Ill, where 



F-y = {ZY = {"^Y P., 



(55) 



is viable. Phenomenologically we should impose that the 
corresponding Fayet-Iliopoulos term is larger than the 
weak scale. This leads to 



< 



Pc 



•■W 



I/O 



(56) 



which is reasonable as soon as a > 3. We can even go 
further by noticing that the Fayet-Iliopoulos term is of 



the order of the string scale, 
leads to 



Imposing that Fy = mg 



Pc 



(57) 



In new type 1 string scenarios the string scale can be as 
low as the TeV region. In that case this leads to a = 4. 



This determines Pn 
Q. The relation 



2 for a flat Kahler potential in 



P. 



1/4 _ 



TOpi 



(58) 



was advocated in Ref. |^9[ to obtain a natural solution 
to the coincidence problem. We find that it can be em- 
bedded in a SUGRA description of quintessence with two 
scales. 

In conclusion we have seen that quintessence is com- 
patible with SUSY breaking, and should belong to a hid- 
den sector different from the hidden broken sector. 



VI. INFLUENCE OF A MINIMUM IN THE 
QUINTESSENCE POTENTIAL 

From the above considerations, it seems that a generic 
consequences of taking into account high energy physics 
is the presence of a minimum in the quintessence poten- 
tial. This differs from the Ratra-Peebles case, where the 
potential is monotonic and goes to zero at infinity. There- 
fore, one may wonder what the physical consequences of 
the presence of this minimum are. The purpose of this 
section is to study this question. 



A. Oscillations of the quintessence field 

The SUGRA potential possesses a minimum located at 
Qmin = ■\/a/'*^^^ — 0(topi), scc Fig. |l|. Thus, a priori, 
this could modify the final evolution of the field. There- 
fore, let us expand the field around the minimum; we 
write 



(59) 



where Q = k^I'^Q is dimensionless and where g is a small 
quantity. If we neglect the quadratic order, the Einstein 
equation reads FP' = iJg = (K/3)U(-ya) which implies 
that a(€) = aoe^*. On the other hand, the Klein-Gordon 
equation is given by 



t + 3Hoc] + 6H^q = 0. 



(60) 



The solution to this equation is given by the following 
expression: 



q(t) cx exp 



±i- 



a5 



Hot 



(61) 



This solution is oscillatory with a damping term propor- 
tional to a~^/^. The period of the oscillations is equal 
to ~ Hq^, i.e., is equal to the age of the Universe to- 
day. Therefore, it is clear that no oscillation took place 
until now since the age of the Universe is the time al- 
ready necessary to reach the region where the oscillations 
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FIG. 4. Overall evolution of the quintessence field. We 
start at a redshift of 2 = 10^ with a quintessence field ini- 
tially at rest {ujq — 1, short-dashed line) and subdominant 
(f^Q — > 0, long-dashed line). Then the field joins the attractor 
around z ~ 10*. It remains on this attractor as long as it is 
subdominant, i.e., Qq <C 1. When it starts to dominate, it 
gradually behaves as a cosmological constant {ujq — > — 1 again 
around z ~ 0). Then the field experiences some damped os- 
cillations around its minimum (solid line). The behavior of 
the parameter ujq can be studied by looking at the variable 
Cq = Pq/pq (dotted line), which diverges when ujq reaches 
— 1 [this occurs initially and when Q{t) reaches an extremum]. 



could occur. Conversely, the future of the Universe will 
be different in comparison with the Ratra-Peebles poten- 
tial case. Numerically, for the case a = 11, the redshifts 
at which the field stops are z = —0.65, —0.92, —0.98, . . . 
etc. The first redshift corresponds to a/ao ~ 2.85, i.e., 
to a time where the scale factor is 2.85 larger than today 
(see Fig. ^ . This is of course independent of the initial 
conditions provided that we are initially in the allowed 
range. 

It is of course possible that some oscillations occur be- 
fore today, but this is not easy. The main reason is that 
the quintessence field rolls rather slowly toward the bot- 
tom of its potential, so that the quintessence density pa- 
rameter fig is almost equal to 1 at the time where the 
field stops for the first time (as can be seen in Fig. |^). 
Another possibility is that Oq is of order unity at early 
time. In this case, the field is initially very small, and cor- 
respondingly its energy density is large. Then, the field 
is in a "fast-roll" regime, i.e., ujq ~ 1, and is not slowed 
down enough by the expansion. It then goes through 
(still in a fast-roll regime) its minimum, and is stopped 
by the very steep exponential growth of the potential at 
large Q. Such a behavior does not affect the behavior of 
the quintessence field today, but can leave some imprints 
in the high frequency part of the primordial gravitational 
wave spectrum (see, e.g., Ref. pO|]). 



B. Amplitude of the minimum 

Let us now study the influence of a pure cosmological 
constant term in the quintessence potential. We would 
like to know whether we can change the value of the 
minimum and, in particular, whether it is possible to 
put it to zero. Therefore, we take a SUGRA potential to 
which we add a constant term 



V{Q) 



(62) 



In this expression Knin is the value of the potential at 
its minimum, i.e., for Q = a/ k and ATmin > a free 
parameter. Xmin = corresponds to a vanishing mini- 
mum, and Xjiiin = 1 reduces the above potential to the 
standard SUGRA potential. We would like to emphasize 
that there is no fine-tuning of the location of the mini- 
mum, it follows directly from the shape of the potential 
(and is of course independent of the constant M) . The 
fact that the field is today near the minimum of the po- 
tential follows directly from the fact that, because of the 
presence of the attractor, the field is today of the order of 
the Planck mass, which also turns out to be the location 
of the minimum of the potential. Again, no fine-tuning 
is required to have this property which arises naturally 
in SUGRA quintessence. 

Let us start with the case where the minimum is not 
zero. The presence of a constant term can influence the 
shape of the potential and the value of the constant M, 
as explained below. Let us start with the constant M . In 
all the cases presented here, as mentioned above, the con- 
stant M is found numerically by requiring that f2q = 0.7 
today. In all the cases of interest, the quintessence equa- 
tion of state is such that — 1 < wq < today. This means 
that a signiflcant part of the energy density of the held 
is determined by its potential energy. In presence of the 
additional constant term, this implies that the constant 
M is no longer given by Eq. (ph, but rather by 



1 Yi 



(63) 



This is what we can check on Fig. ^ Knowing how to 
determine M , we can now turn to the shape of the po- 
tential. For large values of Xmin, there is a large region 
where the potential is almost flat. This means that when 
the quintessence field enters this region, it behaves very 
quickly as a cosmological constant. Conversely, small 
values of A,„in produce a deep and narrow "hole" in the 
potential in which the field oscillates when it falls into it. 
These two cases are represented in Fig. |^. The addition of 
a constant term must have some observable consequences 
today. This is what we can check in Fig. |^, where we plot 
the value of wq as a function of the redshift. As expected, 
large values of Xmin do not significantly differ from the 
Amin = 1 case, except that the equation of state pa- 
rameter u goes faster to —1 (the potential is less steep). 
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FIG. 5. Dependence of the mass scale M with the minimum 
of the potential Xmin. The numerical computation gives a 
very good agreement with the estimate of Eq. 
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FIG. 7. Evolution of the quintessence field equation of state 
parameter for several values of Xmin. The field starts at a 
moderately high redshift {z ~ 100) from its attractor value 
(which means luq — —0.25 for a = 6 here), and subsequently 
starts to behave as a cosmological constant as its energy den- 
sity dominates (we have taken Q.q — 0.7 today). As explained 
in the text, large values of Xmin all lead to essentially the 
same beahavior, whereas low values of Xmin cause the field to 
oscillate. 




Q (Planck units) 

FIG. 6. Shape of the quintessence potential for various val- 
ues of Xmin. The potentials were normalized so that fiq =0.7 
today, which roughly corresponds to requiring that the min- 
imum of the potential is equal to the critical density today. 
Note the presence of a broad, flat region for high values of 
Xmin, and a deep and narrow depression for small values of 
Xmin- These features have a large importance on the evolu- 
tion of the quintessence field today. 



Conversely, the oscillations for small values of X^nin are 
clearly observable. This is due to the fact that in this 
case, Eq. ( |60| ) reads 

q + 3Hoq + 6—^q = 0, (64) 

^min 

so that the frequency of the oscillations can be arbitrarily 
large. Then if we plot the values of (a;o,wi) for several 
values of Xj^m, the oscillations of the field translate into 
ellipses in the {ujo,l^i) plane, see Fig. ||. 

Finally, we would like to stress some important prop- 
erties of the dynamic of the quintessence field in the case 
of a vanishing value of Xmin, i-e., when one tries to set 
the potential to zero. A decreasing value of Xmin leads 
to an increasing number of oscillations experienced by 
the quintessence field before today, see Eq. (^J). Numer- 
ically, this translates into a very weird behavior of the 
function u>q{z) as Xmin goes to 0, sec Fig. ||. Now, in 
the vicinity of the minimum of the potential, the poten- 
tial has a quadratic shape. Therefore, this leads to an 
equipartition between the kinetic energy and the poten- 
tial energy, and therefore to an average equation of state 
parameter luq equal to 0, a well-known behavior of the 
inflaton field at the end of inflation |^l|[]. In this case, 
the equation of state of the field is exactly the same as 



'This point can in principle be evaded if we suppose that 
the potential behaves like (Q — Qmin)'', with < /3 < 2, but 
this seems to be an unlikely possibility in the case presented 
here. 
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FIG. 8. Today's value of the quintessence equation of state 
parameter u>o and its derivative uji for several values of Xmin. 
The crosses represent the values of X^in used in Fig. Q (same 
color code). Note that for low values of Xmin, the oscillations 
of the field are quite rapid, and therefore, the equation of state 
parameter is not very well approximated by lj ~ tJo + zcui, 
even for a relatively short interval of the redshift. 

the one of ordinary matter. As a consequence, the ratio 
between J7q and fim becomes a constant. This means 
that the value of Oq today is approximatively given by 
the value of flq when the field started its oscillations, de- 
noted flq'^ in what follows. Then, the relevant question 
is: can 17q'^ be equal to (say) 0.7? The answer to this 
question depends on the physical reason which causes 
the field to leave the attractor. A priori, two situations 
can be envisaged. First, the field leaves the attractor be- 
cause it has not yet reached (or felt) the minimun and it 
starts to dominate. This is what happens in the Ratra- 
Peebles case (for which, anyway, there is no minimun). 
Second, conversely, it has not yet started to dominate 
but the field "feels" the presence of a minimum. In the 
second case, by definition we have flq^ <C 1, and the 
answer to the question above is "no". Therefore, only 
the first situation remains a possibility. Let us study this 
situation in more detail. In particular, one may wonder 
whether it can really happen that the field dominates 
before encountering the minimun. The field dominates 
when Q = Qend, defined by the condition pq ~ Pm_/x, 
where x is an arbitrary number. A reasonable value 
for X is, for example, x = 10. Using the equation of 
the attractor [see Eq. (|2|)], it is easy to establish that 
nQl^^^ = a{a + 2)/[3(.t + 1)]. On the other hand, we 
have kQ^jjj = a. Therefore if a > 3(a:: + l) — 2, then 
Qend < Qmin, and wc are in the desired situation. How- 
ever, this is not so simple, because the width of the hole, 
denoted here as 6{kQ'^), matters. We are in a good po- 
sition only if k{Q^^^ — Ql^^) > S{kQ'^); otherwise we 
cannot say that the field does not feel the minimun of its 
potential. It is not totally trivial to calculate the width 
of the potential, which is not symmetric with respect to 
Qmin- A fair estimate is given by the difference between 
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FIG. 9. Evolution of the equation of state parameter loq 
as a function of the redshift for Xmin = 1 (solid) and 
^min = 10~^ (dashed line). For such a low value of Xmin, 
only for a small redshift can one see the decay of uiq towards 
— 1, as indicated by the decreasing envelope of the curve. 

Qmin and the value of Q, such that the SUGRA potential 
becomes different from the Ratra-Peebles (RP) potential, 
i.e., for Q such that |Vsugra(Q)/^rp{<5)| ^ y, where y 
is an arbitrary number (for example, y = 0.1). This gives 
a width equal to S{kQ^) — a — 2\n{y + 1). Of course, 
the comparison depends on the precise values of x and y, 
but for reasonable values one reaches the conclusion that 
the width of the potential is always of the same order 
of magnitude as the difference Qmin — Qcnd- Therefore, 
even if Qcnd < Qmin, wc will obtain Q'^'^ <C 1. As a 
consequence, the energy density of the quintessence field 
cannot dominate, and there is no possibility of reaching 
a value of Oq = 0.7 today if the minimun is put to zero. 



VII. CONCLUSIONS 

In this paper, we have studied the model building prob- 
lem of quintessence in the context of SUGRA viewed as 
the low energy limit of string theory. In this context, 
the theory is described by two scales: the Planck scale 
and the string scale. A priori, there is no reason to as- 
sume that these two scales are equal. If indeed the string 
scale decouples from the Planck scale, we have shown 
that the SUGRA quintessence potential arises naturally 
in this framework. In addition, it was demonstrated that 
the potential is stable against corrections in the Kahler 
potential and if SUSY breaking is taken into account. A 
generic property of the SUGRA quintessence potentials 
is the presence of a minimum. We have shown that the 
field today is always close to this minimum. This requires 
no fine-tuning, and is due to the fact that the minimum 
turns out to be of the order of the Planck mass, the value 
that the field has when it leaves the attractor, at small 
redshifts. We have also demonstrated that the minimum 
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of the potential cannot be put to zero while keeping Qq 
to a value of the order of the critical energy density today. 
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